We report for the first time laser-induced fluorescence measurements of a sputtering magnetron plasma. From these measurements we determined the density, average velocity, and temperature of the ions. The ion density profile is peaked at the same location as the electron density profile, which was measured with a Langmuir probe. The average ion velocity parallel to the cathode surface is less than our detection limit of 93 m/s. The ions at the edge of the discharge are room temperature, while in the center of the discharge they reach a temperature of 0.64 eV. These temperatures are attributed to acceleration of the ions by the electric field in the plasma, together with collisional scattering.
I. INTRODUCTION
Sputtering magnetrons are used for thin film depositon and sputter etching.
1 These devices have an electric sheath and an external magnetic field configured to trap electrons.
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Typically the magnetic field strength is weak enough that the electrons are magnetized, but the ions, due to their larger mass, are unmagnetized.
3 The ions are accelerated by the electric field in the sheath. Upon striking the cathode they sputter material from the surface 2 .4 and cause secondary electron emission. 5 Several experimenters have characterized magnetron plasmas. Rossnagel and Kaufman, 6 and Bell and Glocker 7 have determined the electron densities and temperatures in their magnetrons. Wendtx measured the radial profile of the ion current at the cathode surface. Using the same device, Gu and Lieberman 9 recorded the plasma glow intensity as a function of distance above the cathode. Rossnagel 10 reported a rarefaction of the neutral density, which he attributed to the sputtering wind. In a previous paper, 1 1 we demonstrated that the ion mass and the particle confinement time are linked.
In this paper we report for the first time laser-induced fluorescence (LIF) characterization of the ions in a sputtering magnetron discharge. The LIF technique has the advantages of being nonperturbing, in situ, and spatially resolved. In particular, we measured the ion velocity distribution function and from this we have calculated the ion density, the average ion velocity, and the ion temperature. These parameters are important because the ion flux and the ion energy at the cathode regulate the sputtering yield.
12
In the next section, we describe the experiment in which we characterized the ions in the magnetron discharge. In Sec. III we present both LIF and Langmuir probe results, showing that the ion density is higher and that the ions are more energetic in the location of the electron trap. In Sec. IV we attribute the measured temperatures to acceleration of the ions by an electric field in the plasma, together with collisional scattering.
II. EXPERIMENT
The plasma was produced with a cylindrically symmetric planar de magnetron, which has been described in detail elsewhere.
13 On the copper cathode surface (z = 0) the magnetic field is entirely radial at r = 1.7 em and has a magnitude of245 G. Here z is the height above the cathode surface and r is the distance from the symmetry axis. The magnetic field is almost cylindrically symmetric, with an azimuthal rms variation of only 2.6%. We operated the plasma with a voltage regulated cathode bias of -400 V and an argon gas pressure of 0. 96 Pa, resulting in a discharge current of 150 rnA. Under these conditions, the electron confinement time and the ion transit time 7 1 rans were reported to range from 0.6 to 0.9 ps, 13 while the sheath thickness is on the order of 1 mm.
Because the electron trap is localized,' the plasma is nonuniform. The location of the trap is revealed by Langmuir probe measurements of the electron temperature T", the electron density n ' " , and the plasma potential ~,. (In this paper all temperatures are given in units of energy.) The radial profiles ofT" and n,. at z = 1.03 em, shown in Fig. 1,   4 4 Langmuir probe data --{ } --T e -0---n e 3 3 and a map of VP, shown in Fig. 2 , indicate that the ringshaped trap is near r = I . 7 em. We used LIF 14 to measure the time averaged velocity distribution function of the excited-state ions in the presheath region of the plasma. This was accomplished by tuning the laser through the 617.228 nm Am spectra1line from the Here k is the incident laser photon wave vector, vis the ion velocity, v 11 is the component of the ion velocity parallel to the direction of the laser beam, and !l v is the difference between the laser frequency and the transition frequency of a stationary ion. Because of the dot product between v and k, the LIF line shape corresponds to the shape of the velocity distribution projected along the direction of the laser beam, in other words the shape of the reduced distribution function ) , such distortions were negligible for this experiment. In the Appendix we argue that the distribution of the excited ions is similar to the distribution of the ions as a whole.
The layout of the optical systems, the plasma, the magnetron, and the coordinate system are sketched in Fig the discharge parallel to the cathode surface at a height of 0.98 em. The fluorescence from the plasma was collected by the detection optics, which were aligned to view in a direction orthogonal to both the beam path and the symmetry axis of the magnetron. The intensity of the LIF was detected by a photomultiplier tube, which we did not calibrate. As is shown in Fig. 4 , the intersection of the viewing cone and the laser beam determined the probed region. This region was a cylinder, 1.0 em in diameter and 0.84 em long. It was localized to the plasma, i.e., presheath, region and did not include the sheath region. When we measured the azimuthal component of the velocity, the optics were aligned with the configuration of Fig. 4 so that the viewing cone intersected the symmetry axis. When we measured radial velocity component, on the other hand, the laser beam was aligned so that it intersected the symmetry axis. We also routed a portion of the laser beam through an iodine cell to calibrate the laser frequency against the molecular spectrum tabulated in an atlas.23 The gated sampler simultaneously recorded the LIF signals from both the iodine cell and the plasma.
Ill. RESULTS
By scanning the laser frequency through the 617.228 nm Arii transition, we obtained a Doppler-broadened line shape, as shown in '( v, 1 ) and the simultaneously measured iodine spectrum . The iodine spectrum was used to calibrate the vacuum wa ve number of the laser.
because the ions are in thermal equilibrium, as indeed they are not, 14 but because it appears to offer a good fit, as demonstrated in Fig. 5 . We also performed a scan of the 611.492 nm transition and the 612.336 nm transition to verify that the spectral line shapes were the same.
Using the 617.228 nm transition, we measured the azimuthal and radial velocity components as functions of the radial position. We never measured the axial component.
By integrating over the distribution, we determined the relative density of the metastable ions, nr = f fr ( v 1 1 )dv 11 .
The resulting radial profile of nr is shown in Fig. 6 . The profile is peaked in the trap region at nearly the same radius as the electron density profile in Fig. 1 .
The average ion velocity (i.e., the drift velocity) is given by the first moment of the distribution function, (vi) = S v 1 1 ff(v 1 1 )dv 1 1 . We found that the average ion velocity in the azimuthal and radial directions was less than our detection limit of 93 m/s. In the axial direction, which we did not measure, one would expect the ions to attain a much higher average velocity as they are accelerated toward the cathode.
The effective ion temperature 24 T~rr, which is proportional to the average ion energy [i.e., nrr ex:
ranges from room temperature to as high as 0.64 eV, as shown in the profiles in Fig. 7 . The hottest ions are found near the center of the electron trap, while the coolest are located near the axis of symmetry, which is outside the trap. The azimuthal and radial velocity components do not have the same effective temperature. For the azimuthal direction, T~'r has a peak of 0.64 eV, while the ions are cooler for the radial direction, with a peak of0.26 eV. These densities and effective temperatures are discussed in more detail in the next section. 
IV. DISCUSSION
The ion densities and effective temperatures we measured must be accounted for by ion transport and the location of ionization events. Ionization predominately takes place in the trap region where the energetic electrons are localized. Ions are transported from their ionization sites by ( 1) acceleration by the de electric field , usually toward the cathode, while possibly undergoing (2) collisions with neutrals or ( 3) scattering by a turbulent electric field. We examine these three processes below, and find that all three may contribute to the effective temperature. c'i The first mechanism, falling down the de potential hill, is significant because the ions are born at various locations and thus on different equipotentials. Ions at a given point in the plasma will have fallen over a range of different potential drops, thereby acquiring a distribution of velocities. The electric potential contours shown in Fig. 2 indicate that the potential energy varies by several eV over the trap region where the ions are produced. Therefore, this process could bring about a range of energies corresponding to an effective temperature as high as the ones we have measured in the radial direction. Coupled with the spatial distribution of the ionization events, this mechanism should also bring about ion density profiles that are peaked in the vicinity of the electron trap, as we found them to be in the experiment. We have tested these two conclusions quantitatively using a numerical simulation of the free fall process, to be reported in another paperY This free fall process, however, can result in a spread in velocities only in the radial and axial directions, because the potential has a gradient only in those directions. The potential cannot have a gradient in the azimuthal direction due to symmetry, and thus, there cannot be an electric field to influ-ence the ion velocity in the azimuthal direction. Our experimental results show that there is a significant effective temperature for the azimuthal velocity component, indicating that an additional process must be occurring.
Ion-neutral collisions, the second mechanism, also partly determine the effective ion temperature. Both elastic and charge exchange collisions must be considered. Elastic scattering will broaden the distribution function, increasing the effective ion temperature, as we now demonstrate. The mean time r,ra"' that elapses between an ion's birth in the trap and its collection at the cathode was reported by Sheridan and Goree 13 to range from 0.6 to 0.9 f-LS . This can be compared to the rate of elastic collisi-ons, 26 v"' ::::::;4.3 X 10 5 s -1 in our discharge. We find r,,. ""' v"' : :::::;0.4, indicating that an ion has a 40% chance of having an elastic collision during its transit to the cathode. At the time of the collision an ion in the presheath may have gained several eV of energy from falling down the potential hill. Thus, it is reasonable to expect that ions can acquire an effective temperature for the azimuthal direction as high as the 0.64 eV we have measured. This temperature is also consistent with the theoretical results of Kock and Huchon for a presheath with this degree of collisionality. 27 Charge exchange collisions have approximately the same cross section as elastic collisions 26 and will tend to equilibrate the ion temperature with that of the more numerous neutral atoms. Because the neutral gas temperature is unknown, and is almost certainly not room temperature everywhere, 10 the contribution of charge exchange collisions to the ion temperature is uncertain. We speculate that the ion temperature is probably greater than the neutral temperature, and therefore charge exchang~ collisions will cool the ions.
One must also consider the third mechanism, low-frequency turbulence. Using a turbulent electric field of 0.4 VI em for our magnetron, as reported in Ref. 13, we calculated that the ions can gain energy of order 0.4 eV from this field . Thus, our results might be due to measuring the time averaged distribution, which includes ions that were accelerated by different turbulent fields, and not the instantaneous distribution. Accordingly, we conclude that the free fall and collisional scattering processes are likely to lead to the effective ion temperatures we have measured. However, it is unclear why our effective temperature is higher in the azimuthal direction than in the radial direction.
IV. SUMMARY
We have reported the first LIF measurements of ion densities, average ion velocities, and effective ion temperatures in a sputtering magnetron discharge. The average ion velocities were below our detection limit of 93 m/ s, while the radial profiles of n; and T~'r were peaked in the center of the electron trap. The effective temperature for the azimuthal velocity component ranges from room temperature to 0.64 eV in the center of the trap, while the effective temperature for the radial component has a peak of0.26 eV.
These results are qualitatively ex-plained by assuming that ion-neutral collisions contribute to the dynamics of the ions as they are accelerated by the presheath electric field toward the cathode.
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APPENDIX: COMPARISON OF THE GROUND-STATE AND EXCITED-STATE IONS
Here we enumerate the collisions capable of producing (Ar + ) ·in a low-temperature discharge:
Ar + e..,o..,.-g..,,;,. __, (Ar + ) • + 2e '
Ar + hv_, (Ar
Ar ' + Ar __, ( Ar 1 ) ' + Ar, 
For our discharge, reaction (AI) dominates the production of the (Ar 1 ) • (see Table I ). The rate of excitation of ground state ions by energetic electrons, reaction ( A2), is much slower than the rate of reaction (AI). The photon processes (A3) and (A4) are not important because the plasma is optically thin. Reactions (AS)-( A8) do not take place because in the discharge the impact energies are less than the corresponding thresholds.
Finally, we must demonstrate the suitability of using measurements of ions in the excited state to characterize the ions as a whole. Because both the ground-state ions and the excited-state ions are predominantly produced by single-step electron-impact ionization, their velocity distributions will have the same shapes and spatial variations if the cross sections for creating these ion species are similar. Any discrep-TAB!. I' I. Rate of production of (Ar ) . Reaction (A I) has the fastest rate. 2.29 X IO' ·' em ' s '-The rates listed he low were computed assuming that: the neutral density is 2.69 X Io' ·' em '.the ion density i" 2.69 X: 10"' em '. the soft x-ray photon density is < 10" em '.and the impact energies are characterized hy 1:::::: T., :::::0.5 eV. The value used for the soft x-ray density assumes that these photons carry away less than one thousandth of the power supplied to the magnetron.
Rate of (Ar ) production Cross section Reaction ancy between the two distributions arises mainly from the difference in the threshold energies of the two cross sections ( IS.8 eV compared to 34.9 eV). Since the difference between these two thresholds is much less than the -400 V cathode potential, we can conclude that our measurements are suitable for characterizing the ions as a whole, provided that the electrons born on the cathode are primarily responsible for sustaining the discharge.
